Abstract. We sequenced to completion the circular plastid genome of the red alga Gracilaria tenuistipitata var. liui. This is the first plastid genome sequence from the subclass Florideophycidae (Rhodophyta). The genome is composed of 183,883 bp and contains 238 predicted genes, including a single copy of the ribosomal RNA operon. Comparisons with the plastid genome of Porphyra pupurea reveal strong conservation of gene content and order, but we found major genomic rearrangements and the presence of coding regions that are specific to Gracilaria. Phylogenetic analysis of a data set of 41 concatenated proteins from 23 plastid and two cyanobacterial genomes support red algal plastid monophyly and a specific evolutionary relationship between the Florideophycidae and the Bangiales. Gracilaria maintains a surprisingly ancient gene content in its plastid genome and, together with other Rhodophyta, contains the most complete repertoire of plastid genes known in photosynthetic eukaryotes.
Introduction
Plastids are the photosynthetic organelles of eukaryotes and their genomes range in size from approximately 35 to 200 kb. Relatively few of these sequences have been determined (35 completed) in comparison to the mitochondrial genome (529 completed; see http://www.ncbi.nlm.nih.gov:80/genomes/ static/euk_o.html). Furthermore, most of the sequenced plastid genomes (25 in total) are of chlorophyll b-containing algae and plants. The handful that have been sequenced from the diverse group of ''nongreen'' protists include representatives of the Alveolata (Eimeria tenella, Toxoplasma gondii), Cryptophyta (Guillardia theta), Euglenozoa (Euglena longa and Euglena gracilis), Glaucophyta (Cyanophora paradoxa), Stramenopiles (Odontella sinensis), and Rhodophyta (Cyanidium caldarium, Cyanidioschyzon merolae, and Porphyra purpurea) (see Table 1 ). Importantly, these nongreen taxa comprise the wealth of protistan diversity including the major phytoplankton in the oceans (e.g., chlorophyll ccontaining forms such as diatoms and haptophytes) and many toxic species (e.g., dinoflagellates and brown algae). Here we present the complete plastid genome sequence of the florideophyte red alga, Gracilaria tenuistipitata var. liui, with the aim of further elucidating plastid evolution.
It is now generally accepted that plastids originated through endosymbiosis, whereby a single-celled protist engulfed and retained a foreign photosynthetic cell inside a vacuole (Gray 1992; Bhattacharya and Medlin 1995) . Over time, the foreign cell was reduced to a plastid and transmitted to subsequent generations. Plastid origin occurred via primary and secondary endosymbiosis. The first involves the engulfment of a photosynthetic prokaryote (cyanobacterium) and is believed to have occurred once in evolution (but see Stiller and Hall 1997; Stiller et al. 2003) , giving rise to the protoalga that is the ultimate root of all plastids. This primary plastid eventually became established in the first algae that split into two lineages. The first produced the glaucophyte algae, whereas the second gave rise to the highly successful red algae and their sister group the green algae and land plants (Moreira et al. 2000; Palmer 2003) . Once the three primary algal lineages were established, the stage was set for secondary endosymbiosis, whereby a protist engulfed an existing alga. This type of eukaryotic-eukaryotic endosymbiosis accounts for the vast majority of algal diversity . Secondary plastids are found in the ecologically and economically important chlorophyll c-containing chromalveolates that define a broadly diverse group including the Chromista (cryptophyte, haptophyte, and stramenopile algae) and the Alveolata (parasitic apicomplexans, apparently plastidless ciliates, and dinoflagellate algae). The chromalveolate hypothesis is based primarily on the idea that all taxa containing a chromophytic plastid share a common origin (Cavalier-Smith 1986) . The chromalveolate plastid is believed to have originated from a single red algal secondary endosymbiosis that occurred ca. 1.2 billion years ago in the ancestor of this group with the ensuing evolution of chlorophyll c2 (Yoon et al. 2002) . This scenario, however, remains to be substantiated with analysis of nuclear genes from chromalveolates ). The plastid was putatively lost in ciliates and parasitic/saprobic stramenopiles like oomycetes (e.g., the water mold Achlya), and the genome was reduced to a 35-kb DNA circle in the apicomplexans (McFadden 2001; Andersson and Roger 2002) . The red algae have, therefore, contributed the photosynthetic organelle to a major branch of the protist tree of life. Secondary endosymbiosis also explains the origin of the green (i.e., chlorophyll b-containing) plastids of the Euglenozoa (e.g., Hannaert et al. 2003; Martin and Borst 2003) and Chlorarachniophyta (Gilson and McFadden 1995; Archibald et al. 2003) . However, it is unclear whether these organelles arose independently or from a single endosymbiotic event .
Important challenges that remain in the field of endosymbiosis research are to document genome evolution in different plastids, to understand the timing and nature of gene transfer to the nuclear compartment, to use the multigene approach with complete plastid genome sequences to generate a robust plastid phytogeny, to definitively test the monophyly of red algal-derived secondary plastids, and to provide a framework for mapping gene transfer and the evolution of other characters associated with photosynthesis. We used comparative methods with the complete Gracilaria plastid genome sequence to address these issues. Our data also open up the possibility for genetic engineering of this economically important red seaweed (Bock 2001; Gewolb 2002) .
Materials and Methods
Algal Cultures and Plastid DNA Purification ) with constant aeration in sterilized filtered seawater (20 ppm) that was changed weekly and supplemented with Von Stosch nutrients (Oliveira et al. 1995) . Purification of plastid DNA from an enriched rhodoplast fraction was done as described by Hagopian et al. (2002) .
Genomic Library Construction and Sequencing
The complete plastid genome sequence was generated using a combination of shotgun libraries and PCR strategies. Shotgun libraries were constructed with fragments (1-3 kb) of nebulized, purified plastid DNA cloned into pUC18 (Pharmacia). Sequencing reactions were performed with BigDye terminators and analyzed on ABI Prism 377 and 3700 automated sequencers.
Genome Sequence Assembly
Assembly was accomplished with the phred-phrap-consed package (Gordon et al. 1998) , which was used to screen for vector and common contaminant sequences. The initial assembly of random clone sequences generated three large plastid contigs that contained 89% of all screened reads. This value provided an accurate estimate of plastid DNA purity. Contigs were unified and overall coverage was enhanced by reverse sequencing of selected clones. A final gap of about 500 bp was amplified in multiple PCR reactions that were directly sequenced. The final sequence quality standard was achieved by sequencing select clones with 1 of 26 primers. Every base of the plastid genome has minimum quality with Phred value of at least 20 and was confirmed in both directions by a minimum of three reads. There are no unexplained high-quality discrepancies, and the overall error estimate is less than 0.001 in every 10,000 bases. A total of 4441 reads were used in the genome assembly, providing approximately nine-fold genome coverage. The genome sequence has been deposited in GenBank with the accession number AY673996.
Genome Annotation and Analysis
Open reading frames (ORFs) were identified using GLIMMER (Delcher et al. 1999 ) and alignment against the National Center for Biotechnology Information (NCBI) protein database using BLASTX (Altschul et al. 1997) . BLASTX searches were carried out to find additional putative protein-coding genes at the intergenic spacers. All ORFs were inspected manually and checked against Cluster of Orthologous Groups of Proteins (COG), Protein Family Database (PFAM), and the Kyoto Encyclopedia of Genes and Genomes (KEGG). RNA species were identified using BLASTN (Altschul et al. 1997) , secondary structure analysis, and tRNAscan-SE (Lowe and Eddy 1997) . Identified genes were named as in Stoebe et al. (1998) . For a full list of ORFs, gene map, and comparative tables, refer to the supplementary material at http:// gracilaria.lbi.ic.unicamp.br/chloroplast. Whole plastid genomes were compared at the nucleotide level using the program CrossMatch (Gordon et al. 1998 ).
Phylogenetic Analyses
We analyzed a concatenated protein data set from 23 completely sequenced plastid genomes (including Gracilaria) and two cyanobacteria (Nostoc sp. PCC 7120 [GenBank NC 003272] and Synechocystis sp. PCC 6830 [NC_000911]) as the outgroup (see http://www.ncbi.nlm.nih.gov). The chosen taxa represent a broad sample of photosynthetic eukaryotes including Glaucophyta, Rhodophyta, Chromista, Chlorophyta, and Streptophyta (Martin et al. , 2002 . A total of 41 protein-coding genes shared by these evolutionarily divergent genomes were combined to create a data set of 8810 amino acids of unambiguously aligned sequence positions (alignment available at http://gracilaria.lbi.ic.unicamp.br/chloroplast). The proteins that we used in the phylogenetic analyses and the length of each aligned data set are as follows: atpA (451 aa), atpB (459 aa), atpE (116 aa), atpF (32 aa), atpH (80 aa), ccsA (156 aa), petA (263 aa), petB (214 aa), petD (159), petG (35 aa), psaA (743 aa), psaB (734 aa), psaC (79 aa), psaJ (36 aa), psbA (343 aa), psbB (504 aa), psbC (449 aa), psbD (338 aa), psbE (73 aa), psbF (34 aa), psbH (58 aa), psbL (36 aa), psbN (41 aa), psbT (30 aa), rp12 (236 aa), rpl14 (121 aa), rpl16 (128 aa), rp120 (80 aa), rpoA (176 aa), rpoB (667 aa), rpoC1 (406 aa), rpoC2 (475 aa), rps2 (217 aa), rps3 (121 aa), rps4 (158 aa), rps7 (128 aa), rps8 (97 aa), rps12 (122 aa), rps14 (75 aa), rps18 (52 aa), and rps19 (88 aa).
To assess if different proteins supported conflicting plastid phytogenies, we divided the data into functionally related groups under the assumption that interacting proteins could potentially share a common evolutionary history (e.g., de Queiroz et al. 1995 [but see Vogl et al. 2003 ]). The first major group was defined by photosystem (PSII + II) I and II proteins (i.e., psaX and psbX proteins) and was of total length 3498 aa and the second major group included proteins involved in transcription and translation ([T + T] i.e., ribosomal proteins and RNA polymerase subunits) and was of total length 3347 aa. We also generated data sets of only the ribosomal proteins (1623 aa), only the RNA polymerase subunits (1724 aa), the ATP synthase subunits (1138 aa), the pet proteins (671 aa), and the total photosynthetic apparatus (i.e., PSI + II, ATP synthase subunits, electron transfer [petA, B, D, and G] , and ccsA-5463 aa).
A maximum likelihood (ML) approach was used to reconstruct the plastid trees and three other methods were used to infer support for nodes in these phylogenies. For the ML approach, PROML in PHYLIP V3.6b (Felsenstein 2003 ) was used to generate globally optimized protein trees (one random addition, JTT + C model). The gamma parameter value was calculated using TREE-PUZZLE (V5.1; Schmidt et al. 2002; see below) . To calculate support values, we first did unweighted maximum parsimony (MP) bootstrap analysis (2000 replications) using PAUP* V4.0b8 (Swofford 2002) , with the number of random-addition replicates set to 10 with tree bisection-reconnection optimization. Second, we did Bayesian analysis of the plastid data (MrBayes V3.0b4; Huelsenbeck and Ronquist 2001) using the WAG model (Whelan and Goldman 2001) . Metropolis-coupled Markov chain Monte Carlo from a random starting tree was initiated in the Bayesian inference and run for 500,000 generations (except for the full genome data, for which we used 350,000 generations due to the extreme run time), with trees sampled every 100th generation. Four chains were run simultaneously, of which three were heated and one was cold. Stationarity of the log likelihoods was monitored and a consensus phylogeny was made with the ''post burnin'' trees for each protein data set to determine the posterior probabilities at the different nodes. And third, quartet puzzlingmaximum likelihood analysis was done with the WAG + C model using TREE-PUZZLE. Quartet puzzling support (QPS) values were calculated from 5000 puzzling steps.
Tree Comparisons
Trees were compared among the different data sets using the reciprocal 70% bootstrap support criterion (Mason-Gamer and Kellogg 1996). Under this criterion, if the same set of terminal taxa receives bootstrap support larger than 70% for a monophyletic Fig. 1 . The Gracilaria tenuistipitata chloroplast genome. Genes on the outside circle are transcribed in a clockwise direction, whereas those in the middle circle are transcribed counterclockwise. The inside circle indicates G + C content. Identified genes based on database comparisons were named as in Stoebe et al. (1998) and hypothetical ORFs were named as ''ORF'' followed by the number of codons. The color indicates functional category, photosynthesis (green), transcription and translation (blue), biosynthesis (yellow), miscellaneous (orange), hypothetical, and conserved hypothetical (gray).
relationship in a data partition and is not monophyletic with support values larger than 70% in a different data partition, then we interpret this as a topological conflict. We also tested the robustness of our findings by generating alternative topologies of the 41-protein, PS I + II, and T + T ML trees using MacClade (V4.05; Maddison and Maddison 2002) . Groups of interest were positioned at alternate branch points in the ML trees and the log likelihoods of the ''best'' ML and the rearranged trees were calculated and compared using the one-sided Kishino-Hasegawa (K-H) test (Kishino and Hasegawa 1989; Goldman et al. 2000) implemented in TREE-PUZZLE.
Results

Genome Structure and Gene Composition General Features
The complete circular plastid genome of Gracilaria tenuistipitata var. liui was 183,883 bp in length ( Fig. 1) , with a GC content of 29.1% (Table 1 ). The genome does not contain inverted or direct repeats and encodes only a single copy of the ribosomal RNA (rRNA) operon. There are 238 predicted genes including 204 protein-encoding genes, 29 tRNAs, 3 rRNAs, 1 tmRNA, and 1 ribonuclease gene (rnpB) (for the full list of genes, see Table 3 in the supplementary information at http://gracilaria.lbi.ic.unicamp.br/chloroplast). The coding sequences lack introns and span 84.1% of the genome. There are just two cases of overlapping genes (atpF/atpD and psbC/ psbD). As expected, codon usage reflects the low GC content of the plastid genome, with codons ending in G or C comprising only 17.5% of the total. The termination codon TAA is used in 77.5% of the ORFs (see Table 4 in the supplementary information).
Photosynthesis
Based on databank comparisons, we have identified 57 genes related to photosynthetic function in the Gracilaria plastid genome. All the ATP synthase genes are present with the exception of atpC, which was transferred to the nucleus early in the evolution of plastids (Kowallik 1997) . The ATP synthase genes are arranged in two clusters. The atpB and atpE genes are adjacent, whereas atpA, D, F, G, H, and I form a second cluster. There is an overlap of a single base in the atpF and atpD genes as described for Synechococcus PCC 6301 (Cozens and Walker 1987) . The genes petA, B, D, F, G, J, and N (ycf6) of the electron transfer chain are present, whereas petL and petM are missing. Twenty-seven genes for the assembly of photosystem I and II are present. The genes psbC and psbD share a 92-bp region of overlap. The genome encodes both subunits of Rubisco (rbcL and rbcS) and all 10 phycobiliprotein genes.
Transcription and Translation
The consensus sequences for )10 (TATAAT) and )35 (TTTAAA and TTGACA) promoters were searched in the intergenic regions of Gracilaria plastid genome. The )10 consensus was detected for 102 ORFs and the )35 for 70 ORFs. Only three ORFs contained the promoter TTGACA (for the full list of genes see Table 5 in the supplementary information). A set of 46 ORFs contained both the canonical )10 and )35 sequences. We searched restricted regions for the )10 (from )1 to )25) and )35 (from )1 to )100) promoter sequences. These motifs were detected for just 17 and 39 ORFs, respectively. The ribosomebinding site (RBS) was detected for only 97 ORFs using the Shine-Dalgarno canonical sequences (AAGG, AGGA, GGAG, and GAGG) to search the intergenic regions immediately upstream of all start codons (Table 5 ). The number of hits decreased to 61 ORFs when we restricted the search from )1 to )50. The absence of promoter regions and RBS for some ORFs is likely due to an alternative sequence being used and/or different location or may indicate an operon organization or ''relay race''-type translation (Link 1996; Lo¨ffelhardt et al. 1997) .
All four subunits of the eubacterial-like RNApolymerase are encoded in the Gracilaria plastid genome. The genes rpoB, rpoC1, and rpoC2 form a cluster, whereas rpoA is part of a large cluster of ribosomal proteins. The presence of the putative transcription regulators lysR (ycf 30), ompR (ycf 27), tctD (ycf 29), and ntcA (ycf28) indicate the potential for regulation of gene expression in the plastid. The genes coding for the ATP-binding protein involved in Rubisco expression (cfxQ) and ribonuclease E (rne) were also detected.
The Gracilaria plastid has a nearly complete set of ribosomal proteins (Table 1) . It lacks rps15, which is present only in green plant plastids. The Gracilaria plastid genome contains 19 genes for 30S ribosomal subunit proteins and 28 genes for 50S ribosomal subunit proteins. There is one major cluster of 29 genes, which includes 26 ribosomal protein genes, tufA, rpoA, and secY, and is flanked by dnaK. Other ribosomal protein genes are scattered throughout the genome or are in ''mixed'' operons like psaA-psaBrps14. Two ORFs coding for initiation factors IF-2 (inf B) and IF-3 (inf C) and two ORFs coding for elongation factors EF-Ts (tsf) and EF-Tu (tufA) were found in the Gracilaria plastid genome but the ORF for IF-1 (infA) is missing.
The Gracilaria plastid genome contains only one set of rRNA genes organized in an operon encoding the 16S, 23S, and 5S subunits. The spacer region between 16S and 23S encodes two tRNA genes (tRNA Ile and tRNA Ala ). Twenty-nine tRNA genes, encompassing all 20 amino acids, are found either singly or in clusters of two or three genes. The tRNA gene positions are highly conserved in the red algal plastid lineage (see Table 6 in the supplementary information). Two tRNA synthetases have been identified in Gracilaria, histidyl-tRNA synthetase (hisS or syh) and phenylalanyl-tRNA synthetase beta chain (pheT or syfB), which have homologs only in the Porphyra plastid, in cyanobacteria, and in other eubacterial genomes. The genes for tmRNA (K. Williams, personal communication) and ribonuclease P (rnpB) were detected based on secondary structure predictions.
Biosynthesis
Two unique genes involved in leucine biosynthesis, leuC and leuD, were found in the Gracilaria plastid genome. Gracilaria contains many other genes involved in the biosynthesis of amino acids (e.g., ilvB and H), fatty acids (e.g., accA, D, B), and components of the photosynthetic apparatus (e.g., chlI, moeB, pbsA). The chlorophyll biosynthesis genes chlL, chlN, and chlB were absent. The gene gltB that encodes a protein involved in nitrogen assimilation was detected, but the regulating gene glnB was absent.
Miscellaneous
Within the miscellaneous category, we detected the following genes in the Gracilaria plastid genome: (1) two homologs of bacterial genes involved in protein translocation across membranes secA and secY, (2) the chaperonin subunits groEL and dnaK, (3) the ATP-binding subunit clpC, (4) the genes involved in replication and division dnaB (this gene contained an intein of 143 amino acids) and ftsH, (5) two adjacent genes coding for cytochrome C-type biogenesis proteins (ccdA and ccs1/yfc44), (6) a gene coding for phosphoglycerate mutase (pgmA) involved in glycolysis, and (7) the gene coding for a thioredoxin (trxA) detected only in red algae.
Conserved (ycfs) and Hypothetical ORFs
We identified 33 conserved hypothetical genes in the Gracilaria plastid genome and attributed ycf numbers (as proposed in Stoebe et al. 1998 ) for all but 1 gene (ORF65), which shares 69% similarity with ORF58 of Porphyra purpurea. The gene coding for ycf17 is truncated in Gracilaria. We identified nine hypothetical ORFs (Table 2) varying from 83 to 446 amino acids in length. No promoter sequences were detected for those ORFs. The codon usage for these hypothetical ORFs is quite similar to the average for all the ORFs, indicating that they are expressed (Table 4) . Six of the hypothetical ORFs are clustered between position 136,053 and position 144,145. The GC content of this region is 22.8%, which is lower than the average value (29.1%) for the genome.
Comparisons with Porphyra purpurea
The plastid genomes of Gracilaria and Porphyra are quite similar in gene content and share colinearity over large regions. Gracilaria lacks the duplication of the rRNA genes present as direct repeats in Porphyra as well as two genes (chlL and chlN) flanking one of these direct repeats. Open reading frames that are exclusively present between the Porphyra and Gracilaria plastid genomes are listed in Table 2 . Adjacent to the single rRNA operon in Gracilaria are the unique leuD and leuC genes (GC content of this region is 32.6%). Another interesting region in Gracilaria is between 136,053 and 144,145, which includes six hypothetical proteins (ORF245, 109, 446, 220, 198, and 197 ) that have no homologs in Porphyra. The corresponding region in Porphyra contains two exclusive ORFs (ORF62 and 621). Gracilaria has 29 of the 37 tRNA genes present in Porphyra. The locations of all these genes are conserved between both genomes (see Table 5 in the supplementary information). Of the eight additional tRNA genes present in Porphyra, two are located at the intergenic spacer of the extra rRNA operon, and three are flanking rearrangement regions. We identified 11 colinear regions in comparisons of the Gracilaria and Porphyra plastid genomes (Fig. 2) . These 11 regions contain from 2 to 54 genes. The breaks in colinearity are due to a major inversion, four minor inversions, the deletion of the rRNA repeat, and the insertion of Gracilaria's exclusive leuC/leuD and hypothetical ORFs. Genes coding for tRNAs are flanking 7 of the 11 breaks in colinearity. The inversion of region 5 occurred in Porphyra, breaking the conserved operon psaA-psaB-rps14. The inversions of regions 3, 7, and 8 appear to have occurred in Gracilaria, since the gene order of this region is conserved among Guillardia, Cyanidium, and Porphyra. When we align the Gracilaria and Porphyra plastid genomes, a clear ''X'' shape is observed (Fig. 2B) , indicating inversions around the origin and/or terminus in these genomes. These Xalignments are a common feature of bacterial evolution and are evident for moderately closely related species (Eisen et al. 2000) .
Phylogeny
Protein ML analysis of the 41-protein data set resulted in the phylogeny that is shown in Fig. 3A . This tree resolves nearly every node as indicated by the significant Bayesian posterior probabilities and robust support values in the MP bootstrap and quartetpuzzling analyses. The relationships within the chlorophyte and streptophyte lineages generally agree with well-accepted views, for example, the early divergences of the charophyte Chaetosphaeridium within the Streptophyta (Karol et al. 2001 ) and the prasinophyte Nephroselmis within the Chlorophyta (Steinkoetter et al. 1994 ). In addition, Gracilaria is resolved with strong bootstrap support as sister to the Bangiales red alga Porphyra purpurea. Three areas in the tree that lacked resolution were the position of the diatom Odontella sinensis within the clade of red algal and red algal-derived (i.e., chromist) plastids, the relative branching order of the hornwort + liverwort ([bryophytes] Anthoceros formosae, Marchantia polymorpha, respectively) and tracheophyte (Adiantum capillus-veneris, Psilotum nudum) lineages, and the relative position of the glaucophyte Cyanophora paradoxa with respect to the red and green plastid lineages. Use of the K-H test showed that the ML tree shown in Fig. 3A had a lower probability (p = 0.123) than the ''best'' rearranged tree that united the chromists (i.e., moving Odontella to Guillardia; difference in log likelihood units = 34.67 is, however, nonsignificant [the converse rearrangement of moving Guillardia to Odontella was overwhelmingly rejected; p < 0.000]). However, moving the bryophyte branch either inside the tracheophyte divergence or as sister to this group did not result in significantly worse trees (p = 0.363; p = 0.066, respectively). Moving Cyanophora to the base of all plastids also did not result in a significantly worse tree (p = 0.173). Interestingly, placing Mesostigma at the base of the streptophytes or the chlorophytes both resulted in significantly worse trees (p = 0.017 and p = 0.010, respectively). These data indicate that uncertainty remains about the divergence order of early land plants and Cyanophora and that ML analysis of the 41-protein data set does not convincingly resolve the issue of chromist monophyly. This Table 2 ). B The nucleotide alignment of both plastid genomes. The colinear regions are numbered as in A.
tree strongly supports the position of Mesostigma at the base of all green plastids.
To gain additional insights into these results, we initially partitioned the 41-protein alignment into two functional groups (photosystem I + II proteins [PSI + II, 3498 aa: psaA-C and J; psbA-F, H, L, N, and T] and transcription/translation proteins [T + T, 3347 aa: rp12, 14, 16, and 20; rps2-4, 7, 8, 12, 14, 18, and 19; rpoA, B, C1, and C2]) and did separate phylogenetic analyses with these data sets. The mo- tivation in this approach (see de Queiroz et al. 1995) was to assess whether the two different sets of interacting and presumably coevolving proteins would support congruent plastid phylogenetic histories, in particular, with regard to the areas that were unresolved in the 41-protein tree (Fig. 1A) . ML analysis of the PSI+II data set (Fig. 3B ) resulted in a tree that was identical to the 41-protein tree with one important well-supported difference. The stramenopile Odontella is positioned in the PSI+II as sister to the other chromist, Guillardia theta, with support in the MP and Bayesian analyses. Use of the K-H test with the PSI+II data set showed that breaking chromist monophyly by moving either Odontella (p = 0.027) or Guillardia (p < 0.000) to the base of the Cyanidiales (as in Fig. 3A) or by moving Odontella to the branch uniting Porphyra+Gracilaria (p = 0.007) resulted in significantly worse trees. Again, however, moving the bryophyte branch to either before the tracheophyte divergence (p = 0.424) or as sister to this group (p = 0.330) did not result in significantly worse trees. Moving Cyanophora to the base of all plastids resulted in a marginally better (difference in log likelihood units = 3.63 is nonsignificant) tree than that shown in Fig. 3B and moving Mesostigma to the base either of the streptophytes (p = 0.243) or of all green plastids (p = 0.470) was not rejected by the K-H test. Analysis of the PSI+II data indicates therefore that considerable uncertainty remains about the divergence order of early land plants, Cyanophora, and Mesostigma but that the K-H test (under the WAG+C model) strongly supports the monophyly of chromist plastids.
ML analysis of the T+T data set (Fig. 3C ) resulted in a tree that showed ambiguity with respect to the position of Cyanophora and the relative branching order of the bryophyte and tracheophyte lineages. Odontella was, however, positioned with support as sister to the Cyanidiales red algae in the T+T analyses. Use of the K-H test with these data showed surprisingly that despite bootstrap and Bayesian support for chromist polyphyly, uniting these taxa by moving either Odontella to Guillardia (p = 0.232) or vice versa (p = 0.308) did not result in significantly worse trees. Similar to the other data sets, moving Cyanophora either to the base of all green plastids or, in this case, to the base of the red plastids or rearranging the branch points of the bryophytes and tracheophytes relative to each other did not result in significantly worse trees. Placing Mesostigma at the base of the chlorophytes did, however, result in a significantly different log likelihood score (p = 0.024). Analysis of the T+T data indicates therefore that despite bootstrap support for chromist polyphyly, this result does not hold up under the K-H test and that, like the 41-protein and PSI+II data, the divergence points of early land plants and Cyanophora remain in question. Application of the reciprocal 70% bootstrap support criterion (MasonGamer and Kellogg 1996) showed that three wellsupported areas of conflict existed between the PSI+ II and the T+T trees, the positions of Odontella and Mesostigma and the divergence of the first land plants. Despite considerable uncertainty about the branch points of some algal plastids (e.g., Cyanophora and Mesostigma), the monophyly of Gracilaria and Porphyra was robustly supported by the K-H test with all three data sets. Moving Gracilaria to either Odontella or Guillardia always resulted in significantly worse trees (p < 0.000).
Welookedinmoredetailatthephylogenyoftheredand chromist algal plastids using other functionally related subsets of the 41-protein data set. Here, the ML method was used to infer a phylogeny for the full photosynthetic protein data set (i.e., PSI+II plus ATP-synthase, ccsA, and pet proteins, 5463 aa), the ATP-synthase proteins (1138aa),thepetproteins(671aa),theribosomalproteins (1623aa),andproteinsoftheRNA polymerasesubunits (1724 aa). The red+chromistportionsof these ML trees are shown in Fig. 3D . The full photosynthesis and pet data sets supported chromist monophyly with support, whereastheATPsynthase,ribosomalproteins,andRNA polymerasedatasetsdidnot.Inparticular,theribosomal proteindataprovidedthestrongestsupportforaspecific association between Odontella and the Cyanidiales exclusive of Guillardia and Gracilaria+Porphyra. These sequencesmostlikelyaccountforthephylogeneticsignal supportingchromistpolyphylyresolvedinthe41-protein tree (Fig. 3A) . All the data sets, however, supported a specific evolutionary relationship between Gracilaria andPorphyra.WethencomparedtheaverageWAG+C distanceforeachproteindatasetthatwascalculatedwith TREE-PUZZLE.ThisanalysisshowedthatthePSI+II proteins (average distance = 0.193) evolve at a markedly lower rate than the T+T proteins (average distance = 0.667-ca. 3.5· slower). Within the T+T data partition, the most divergent sequences were those encoding the RNA polymerase subunits (average distance =0.736). In comparison, the average pairwise distance inthe ribosomal protein data set was 0.609.
Discussion
Genome Structure and Gene Composition
Red and green plastid genomes have many differences in organization in spite of the fact that they share a single origin through a putative cyanobacterial primary endosymbiosis (Bhattacharya and Medlin 1995) . These discrepancies have accumulated during their long and separate evolutionary history. Green (land plants and green algae) plastid genomes contain around 110-118 genes, including 11 genes for the NADPH dehydrogenase complex, that are absent from nongreen lineages, and their gene content is highly conserved (Palmer 1991) . In this group, the early-diverging green alga Mesostigma viride (see Fig. 3A ) contains the largest known repertoire, with 135 genes (Lemieux et al. 2000) . In contrast, the red lineage contains many genes that are not located on the plastid genome of green plants. Rhodophyte plastid genomes have an increased coding capacity (Reith and Munholland 1993) , often containing more than twice the number of genes (232-251) common to species of the green lineage. The secondary plastids in the red lineage also encode a large number of genes (174-183), but not as many as in the primary plastids.
Most plastids from the green lineage, especially the land plants, have numerous introns. Exceptions are the ancient green algae Mesostigma viride and Nephroselmis olivacea (De Las Rivas et al. 2002) . Cyanophora paradoxa (Stirewalt et al. 1995) has only one intron, an ancient group I intron in the trnL (UUA) gene that is conserved in many cyanobacteria and plastid genomes of the green lineage (Tunnel et al. 2002; Besendahl et al. 2000; Simon et al. 2003) . The trnL intron is absent from the red lineage with the exception of some brown algae (Xanthophyceae and Phaeophyceae), indicating that it was likely lost in most taxa and retained only in the stramenopiles (Simon et al. 2003) . The invasion and proliferation of autocatalytic introns seem to have occurred secondarily in the green lineage and are probably associated with the substantial rearrangements seen in this lineage (Turmel et al. 2002) .
Typically, plastid genomes possess two unique sequence regions and two large inverted repeats (5-30 kb) containing the rRNA genes. As the number of reported genomic sequences increases, we see more and more variation in this general organization. Some angiosperm, gymnosperm, and green algal plastids do not contain the inverted repeats (Gillham 1994) . In the red lineage, large repeats are absent in Gracilaria and in the Cyanidiales genera Cyanidium and Cyanidioschyzon. Porphyra purpurea has direct nonidentical repeats containing only the rRNA genes (Reith and Munholland 1993) . The plastid genomes of other red algae have been mapped. The Florideophycidae species Griffithsia pacifica (Shivji et al. 1992) and Chondrus crispus (Leblanc et al. 1995) contain only one rRNA operon. In contrast, the Bangiophycidae Porphyra yezoensis encodes two operons for rRNA genes on inverted repeats (Shivji 1991) , as does the cryptophyte Guillardia theta (Douglas and Penny 1999) . The stramenopiles Odontella sinensis (Kowallik et al. 1995) , Pylaiella littoralis (Goe¨r et al. 1988) , Olisthodiscus luteus, and Ochromonas danica (Shivji et al. 1992 ) contain two rRNA operons on inverted repeats. Analysis of the rDNA operons and their flanking regions in Guillardia and Porphyra suggests that the directly repeated rDNA genes of the ancestral rhodophyte were transformed into inverted repeats in Guillardia (Douglas 1998) . The Bangiales, which contains the genus Porphyra, is a sister group of the monophyletic Florideophycidae (Oliveira and Bhattacharya 2000; Mu¨ller et al. 2001) . Therefore, it seems reasonable to assume that the rDNA direct repeat present in Porphyra was lost secondarily in the Florideophycidae. An independent loss of the rDNA repeat could also have occurred in Cyanidium. In the absence of additional data on basal rhodophytes, it remains unclear which arrangement of large repeats was present in the ancestral rhodophyte plastid genome.
In the red lineage, there is one major cluster that includes 26 ribosomal protein genes plus tufA, rpoA, and secY. This cluster is highly conserved in gene order and composition in the red lineage and present striking resemblance to the str, S10, spc, and a operons of E. coli (Ohta et al. 1997; Stoebe and Kowallik 1999) . Ohta et al. (1997) proposed a model for the evolution of these operons in bacteria, plastids, and mitochondria. The conserved arrangement of these clusters between Synechocystis and plastids supports the monophyletic origin of plastids. They also proposed a translocation of the str cluster early after the separation of the rhodophyte lineage. In the green plastid lineage, more variability is seen in the organization of these operons. There is evidence that due to the presence of numerous introns, the plastid genome of the Streptophyta underwent substantial changes in its architecture (Turmel et al. 2002) . In land plant plastid genomes, the initiation factor IF-1 (infA) is present but they lack IF-2 and IF-3 (inf B, inf C, respectively [Gillham 1994] ). Both inf B and infC are found only in Porphyra and Gracilaria. The cryptophyte Guillardia retains only inf B and Cyanidium only inf C (Glo¨ckner et al. 2000) . The diatom Odontella has lost all three genes (Kowallik et al. 1995) . Given this distribution, we surmise that the ancestor of these plastids probably encoded all three translational initiation factors, which were differentially lost in the extant lineages.
Two unique genes involved in leucine biosynthesis were found in the Gracilaria plastid genome. These genes, leuC and leuD, have no homologs in any other plastid genome and are most similar to genes in Arabidopsis thaliana, the bacteria Chlorobium tepidum, and several Archaea species. Interestingly, leuC and leuD are located between ORFs ompR (ycf 27) and psbD, which are separated by only 206 bp in Porphyra. In Cyanidium, this region (about 1200 bp) contains a hairpin loop flanked by two short repeated units that are thought to be involved in replication (Glo¨ckner et al. 2000) . The GC content of this region is 32.6%, which is similar to the Gracilaria plastid genome GC content average of 29.1%. Interestingly, when the leuC 5¢-flanking region is used to search for similarities using BLASTX (Altschul et al. 1997) , the first two hits are two plasmids (3.9 and 7.2 kb) described from Gracilaria chilensis, which have a GC content of 25% (NC_002107, NC_002106). Considering the above, it seems probable that this region (4.6 kb), containing the leuC and leuD genes, could have been originated through plasmid integration in the plastid genome of Gracilaria.
The genes chlI, B, L, and N that are involved in chlorophyll biosynthesis are present in Porphyra, Cyanophora, and the green alga Chlorella vulgaris , indicating their presence in the plastid common ancestor. It is interesting to note that chlN and chlL in Porphyra flank one of the direct repeats and this whole region was lost in Gracilaria. The same was observed for the green lineage, where the inverted repeat of Chaetosphaeridium globosum contains a pair of extra genes (chlL and chlN) compared to the corresponding region in Marchantia cpDNA (Turmel et al. 2002) . Turmel et al. (2002) identified 12 blocks of colinear sequences when comparing the cpDNAs of the charophyte Chaetosphaeridium globosum and the bryophyte Marchantia polymorpha. We identified 11 colinear regions shared between the Gracilaria and the Porphyra plastid genomes. Seven breaks in colinearity could be due to recombination events across short repeated sequences within or near tRNA genes. The tRNA genes have been associated with cpDNA inversion in several Angiosperms (Cosner et al. 1997; Douglas 1998 ). The absence of tRNA genes at some break points indicates that other mechanisms must also be involved in generating inversions.
Gracilaria maintains a surprisingly ancient gene content in its plastid genome, containing one of the most complete repertoires of plastid genes known in photosynthetic eukaryotes. In this regard, Reith and Munholland (1993) concluded that the Porphyra plastid genome was more cyanobacterial-like than other algae based on the presence of a complete set of tRNAs, of genes encoding transcriptional regulators, of a larger number of genes, and of more operon-like structures similar to the ones found in cyanobacteria and the absence of introns. Based on these criteria, Gracilaria, which occupies a highly derived position in the red algal tree, in some aspects is even more cyanobacterial-like than Porphyra (e.g., the single base overlap of atpF and D and the presence of the psaA-psaB-rps14 operon). We will need, however, to get additional plastid genome data from both ancient and derived red algae to see if this is a general trend within the Bangiales-Florideophycidae lineage or whether most red algae maintain a relatively ancestral gene content and order.
Phylogeny of the Gracilaria Plastid Genome and the Red-Chromist Plastid Tree Our concatenated protein phylogenies firmly place the plastid of Gracilaria (Florideophycidae) in the red algal lineage as sister to the bangiophyte Porphyra purpurea (Fig. 3) . The close evolutionary relationship between Bangiales and florideophyte red algae has been previously proposed on the basis of morphological (e.g., type of reproductive cells [Magne 1989 ], association of the Golgi apparatus with the mitochondrion [Garbary and Gabrielson 1990] , the presence of pit connections) and molecular phylogenetic data (Freshwater et al. 1994; Oliveira and Bhattacharya 2000; Mu¨ller et al. 2002; Yoon et al. 2002) . The red algal plastids are monophyletic in all of our analyses with the exception of the highly divergent RNA polymerase and in the ATP synthase data sets.
The monophyly of the chromist plastids is recovered when the relatively more slowly evolving components of the photosynthetic apparatus such as the photosystem proteins are used in the phylogenetic analyses. The Chromista is united primarily on the basis of molecular sequence data (Fast et al. 2001; Yoon et al. 2002; Harper and Keeling 2003) and the shared character of chlorophyll c2 in a four-membrane bound plastid that is located in the lumen of the endoplasmic reticulum (Cavalier-Smith 1986; Bhattacharya et al. 2004) . A previous analysis by Yoon et al. (2002) that incorporated broad taxon sampling (36 species) from red and chromist algae and used a five-gene plastid data set (5827 nt) resulted in a robust tree in which nearly all the nodes had significant bootstrap and Bayesian support and which supported the monophyly of chromist plastids (i.e., supporting a single secondary endosymbiotic origin of this plastid from an early-diverging red alga). The addition of a sixth plastid gene to the DNA analyses and expansion of the taxon sampling to include green algae and land plants further strengthened this result, however, protein analyses did not provide bootstrap support for chromist monophyly . Existing plastid genome trees inferred from a more limited sampling of taxa (i.e., that did not include a haptophyte) do not support chromist monophyly (e.g., Martin et al. 2002; Maul et al. 2003; Ohta et al. 2003) , leaving in question the phytogeny of this plastid clade. Our present analyses do not convincingly settle this issue but provide insights into the behavior of different plastid proteins in tree reconstruction. We suggest that the lack of support for chromist monophyly, and possibly for the lack of resolution in other key nodes of the plastid genome tree (e.g., early land plant origin), may be caused by inadequate taxon sampling in these regions (e.g., Wheeler 1992; Rannala et al. 1998; Pollock et al. 2002; Zwickl and Hillis 2002 ) and the high diver-gence rates of some plastid proteins. Importantly, the K-H test results show that despite bootstrap and/ or Bayesian support to the contrary (see Fig. 3A and C), the 41-protein and T+T data sets do not robustly support the polyphyletic origin of chromist plastids.
Given large differences in divergence rates (e.g., proteins of the plastid transcription/translation apparatus evolve on average at a rate that is about 3.5· higher than photosystem proteins), a reasonable expectation is that the more slowly evolving proteins should be better markers for deep phylogenetic splits in the plastid tree. In contrast, the more highly divergent sequences would be better suited for resolving more recent phylogenetic splits. Concatenation of slowly and rapidly diverging sequences would result in the swamping of the phylogenetic signal in the former data by that in the latter. This potentially explains why the genome and T+T trees both support chromist polyphyly, whereas the relatively more slowly evolving photosystem proteins (see also Morden and Sherwood 2002 ) support a different topology that is consistent with chromist monophyly (see Yoon et al. 2002; Nozaki et al. 2003; Yoon et al. 2004) . In this regard, the splits in the red algal lineage are likely ancient based on molecular clock analyses that date the putative chromist secondary endosymbiosis at about 1.3 billion years ago and the fossil record which shows the potential existence of sexual red algae from this time (Butterfield 2001 [but see Cavalier-Smith 2002 ). Convergence to a single well-supported chromist plastid tree will, however, likely require the addition of more genes to data sets with broad taxon sampling (e.g., Yoon et al. 2002) and the addition of more taxonomic breadth to the narrowly sampled plastid genome data sets (e.g., Martin et al. 2002; Maul et al. 2003; Ohta et al. 2003 ). In addition, there is a need for detailed analyses of single plastid proteins to assess their contribution to phylogenetic signal within the chromist and red algal plastid clades (H.S. Yoon, J.D. Hackett, S. Heard, D. Bhattacharya, unpublished data). The result that is apparent both here and in previous analyses (e.g., Vogl et al. 2003) is that a different plastid gene(s) often supports discordant phylogenies. Despite this vexing issue, it is also clear that most of the nodes in the plastid tree are in fact well supported. This suggests that more extensive taxon sampling may be the best approach to resolve this issue. Other aspects of the red-chromist plastid subtree that were strongly supported regardless of which data set was used are the monophyly of Gracilaria and Porphyra (also found in other studies; e.g., Oliveira and Bhatta 
